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Background: The International Agency for Research on Cancer {IARC) recently developed a framework for evalu-
ating mechanistic evidence that includes a list of 10 key characteristics of carcinogens. This framework is useful
for identifying and organizing large bodies of lirerature on carcinogenic mechanisms, but it lacks sufficient guid-
ance for conducting evaluations that fully integrate mechanistic evidence into hazard assessments.

Objectives: We summrnarize the framework, and suggest approaches to strengthen the evaluation of mechanistic
evidence using this framework.

Discussion: While the framework is useful for organizing mechanistic evidence, its lack of guidance for implemen-
tation limits its utility for understanding human carcinogenic potential. Specifically, it does not include explicit
guidance for evaluating the biclogical significance of mechanistic endpoints, inter- and intra-individual variabil-
ity, or study quality and relevance, It also does not explicitly address how mechanistic evidence should be inte-
grated with other realms of evidence. Because mechanistic evidence is critical to understanding human cancer
hazards, we recommend that IARC develop transparent and systernatic guidelines for the use of this framework
so that mechanistic evidence will be evaluated and integrated in a robust manner, and concurrently with other
realms of evidence, to reach a final human cancer hazard conclusion,

Conciusions: IARC does not currently provide a standardized approach to evaluating mechanistic evidence, Incor-
porating the recommendations discussed here will make ARC analyses of mechanistic evidence more transpar-
ent, and lead 1o assessments of cancer hazards that reflect the weight of the scientific evidence and allow for

scientifically defensible decision-making,
© 2017 CGradient. Published by Elsevier Inc. This is an open access article under the {C BY-NC-ND lcense

{(hitp: fereativecommupns.org/licenses/by-ne-nd/4.0/).

1. Introduction

The International Agency for Research on Cancer (JARC) published
its first Monographs on the Evaluation of Carcinogenic Risks to Humans
in 1971, Since that time, more than 900 agents have been evaluated
for human carcinogenic potential (1ARC, international Agency for
Research on Cancer, 2015a). The monograph is intended to be a hazard
evaluation, i.e, the first step in risk assessment, That is, IARC's goalis to
identify whether a substance is associated with the development of can-
cer, regardiess of the dose or exposure level at which an increased risk
may occur. As a resule, IARC states explicitly that it may identify an
agent as a cancer hazard even when risks are very low at the exposure
levels in the population of interest (AR, International Agency for
Research on Cancer, 2015b).

Each TARC monograph is written by a Working Group comprised of
experts selected on the basis of knowledge and experience and the ab-
sence of "real or apparent conflicts of interest” (1ARC, International
Agency for Research on Cancer, 2015b), Invited experts with critical
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knowledge who have potential conflicts of interest may also be brought
in to assist the Working Group and draft text on non-influential issues.
The general roles of the Working Group members are outlined in the
Preamble and Author Instructions, The Preamble summarizes scientific
principles that govern the 1ARC Monographs; and the Author Instruc-
tions, which are intended to be used along with the Preamble. provide
additional specifications to members of the Working Group writing
the IARC monograph {(IARC, International Agency for Research on
Cancer, 201 5, 2016a). The instructions provide guidance on the litera-
ture search process, the organization of search results, the level of detail
required for study summaries, the information to be provided in tables,
and some brief considerations regarding animal and epidemiology
study guality, Neither of these documents provide a step-by-step frame-
work for reviewing studies, assessing quality, and integrating the evi-
dence within or across each discipline,

While the Preambile and Author Instructions provide a general guide
to the monograph evaluation process, the specific methodology varies
by Monograph. In addition to the general Author Instructions, 1ARC pro-
vides monograph-specific instructions to the Working Group; these
documents are not released publicly. Further, IARC explicitly states
that, while the Preamble provides the overarching principles of the

0041-008%/© 2017 Gradient. Published by Elsevier Ine. This is an open access article under the CC BY-NC-NID license (htip:/creativecommons.org/licenses/by-no-nd/4.0/).
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process, “The procedures through which a Working Group implements
these principles are not specified in detail. They usually involve opera-
tions that have been established as being effective during previous
monograph meetings but remain, predominantly, the prerogative of
each individual Working Group” (JARC, International Agency for
Research on Cancer, 2015b),

The main charge of the Working Group is to determine how an agent
or group of agents should be classified within the 1ARC carcinogen clas-
sification framework {Table 1), YARC specifies that the categorizationisa
matter of scientific judgment that reflects the strength of evidence
across the realms of evidence (IARC International Agency for Research
on Cancer, 201 5b). Information on exposure levels in workers and the
general population is summarized, but not generally factored into caus-
al classifications, because TARC evaluates hazard and not risk. In some
cases, dose-response data are summarized in an evaluation, though
TARC provides no explicit guidance with regard to how these data
should be interpreted in the context of causal conclusions (JARC,
international Agency for Research on Cancer, 2015b). To arrive at a clas-
sification, Working Groups have historically focused their reviews on
epidemiology and animal bicassays deemed relevant and appropriate,

Table 1
ARC carcinogenicity classification system?.

Classification Requirements
Group 1 e Sufficient evidence in hurnans OR
Carcinogenic to hwmnans e Exceptionaily, sufficient evidence in anirnals

AND strong evidence in exposed hwnans

that the agent acts through a relevant

mechanism OR

Clearly belongs, based on mechanistic

considerations, to a class of agents for which

one or more mermbers have been classified in

Group 1°

s Limnited in humans AND sufficient in ani

nadequate in hurnans AND sufficient in ani-

mals AND strong evidence that carci

sis is mediated by a mechanism that also

operates in humans

Excepticnally, an agent may be classified in

this category solely on the basis of limited ev-

idence in humans®

Clearly belongs, based on mechanistic

considerations, to a class of agents for which

one or more members have been classified in

Group 2A

Limited in hurnans AND less than sufficient in

animals

Inadequate in humans BUT sufficient in ani-

mals

& [nadequate in hurmans AND less than sufficient

in animals AND supporting evidence from
mechanistic and other relevant data

® An agent may be classified in this category

solely on the basis of strong evidence from

mechanistic and other relevant data.”

Group 3 ] { y hurnans AN inadequate/-

Mot classifiable as to s firnited in animals.

carcinogenicity in burnans & [nadequate in hurnans AND sufficient in ani-
mals AND strong evidence that the mecha-
nism of carcinogenicity in animals does not
operate in humans.

Group 4 e Sufficient evidence suggesting lack of carcino-

Probably not carcinogenic to genicity in humans and anim

hurnans® Inn some instances, inadequate evidence of car-
cinogenicity BUT evid g lack of

carcinogenicity in experimental animals,

supporiing evidence froro mechasistic and

other relevant data

Group 2A
Probably carcinogenic to
hurnans

Group 28
Possibiy carci
hmans

nogenic 1o

* Aspresented in the Prearnble (JARC 2015b) and Author [nstructions (JARC 2018a).
b Does not appear in the Preamble.

© This is only noted in the Preamnble; it does not appear in the Author Instructions.

4 The requirernents for this category are not discussed in the Author Instructions.

Although they have also considered available mechanistic evidence,
this was generally considered secondary to other realms of evidence,

There has been a recent shift in focus at IARC, whereby mechanistic
evidence is given more weight in cancer hazard evaluations. As
discussed below, the IARC framework is useful for organizing mechanis-
tic evidence, but its lack of guidance for implementation fimits its utility
for understanding human carcinogenic potential, Specifically, it does
not include explicit guidance for evaluating the biological significance
of mechanistic endpoints, inter- and intra-individual variability, or
study quality and relevance, It also does not explicitly address how
mechanistic evidence should be integrated with other realms of evi-
dence. Because mechanistic evidence is critical to understanding
human cancer hazards, we recommend that IARC develop transparent
and systematic guidelines for the use of this framewaork, so that mecha-
nistic evidence will be evaluated and integrated in a robust manner, and
concurrently with other realms of evidence, This will result in assess-
ments that are based on the best avaitable science and, thus, allow for
more scientifically defensible decision-making,

2. 1ARC's use of mechanistic data
2.1. Overall approach according to the Preamble

The goal of the monographs has historically been to determine can-
cer hazard regardiess of underlying mechanism; however, the current
Preamble (IARC, International Agency for Research on Cancer, 2015b)
and associated guidance materials have shifted focus to include infor-
mation on mechanisms in the overall evaluation of an agent. The Pream-
ble specifies that the Working Group is charged with identifying
possible mechanisms whereby an agent of interest may increase the
risk of cancer, and when available, summarize a representative “selec-
tion of key mechanistic data”; the Preamble explicitly states that a
monograph need not cite all mechanistic literature for the agent, but
does not give direction on how to identify key studies (IARC
International Agency for Research on Cancer, 2015b),

in the Preambie, mechanisms are grouped into physiclogical chang-
es (e.g., escape from apoptosis and/or senescence), functional changes
at the cellutar leve] (e.g., changes in gene expression ), and changes at
the molecular level (e.g., DNA adducts and DNA strand breaks). Mecha-
nistic data are discussed in their own section of the monograph, and
then considered within the overall Evaluation and Rationale as they re-
fate to plausibility of effects observed in animals, The strength of evi-
dence that any observed carcinogenic effect in animals is due to a
specific mechanism is rated as "weak,” “muoderate,” or “strong.” Evi-
dence that a mechanism operates in animals is strengthened if results
are consistent in different species; data are coherent; and studies
show that when the relevant mechanism is suppressed, tumor develop-
ment is also suppressed (JARC, International Agency for Research on
Cancer, 2015b). Specific guidelines for ranking the strength of mecha-
nistic evidence are not detailed, however, and there is no discussion of
what actually constitutes "weak,” “moderate.” or “strong” mechanistic
evidence.

After reaching conclusions on the strength of mechanistic evidence,
IARC determines whether a particular mechanism is likely to operate in
humans; most often, this conclusion is made if there are measured data
in huwmans or biological specimens from humans.

22,10 key mechanism-of-action characteristics

When IARC reviewed Group 1 carcinogens in Monograph 100 in
early 2011, it noted that many were classified before mechanistic data
were available, and that these data had become available in the prior
two decades. IARC also found that the agents it had listed as human car-
cinogens shared a number of common characteristics {Smith et al,
2016). In 2012, 1ARC organized two workshops to discuss the mecha-
nisms by which Group 1 carcinogens cause cancer; the participants
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concluded that these agents typically exhibit one or more of the 10
“key” characteristics {See Table 2). These characteristics were informed
by Hanahan and Weinberg's “hallmarks of cancer,” which are charactes-
istics common to cancer cells (e.g., the ability for cancer cells to avoid
cell senescence) (Hanahan and Weinberg, 2011). Many of IARC's 10
characteristics are those whereby chemicals can directly initiate carci-
nogenic processes in cells, or enable an environment favorable to
tumor formation (e.g, disrupting celiular pathways to facilitate aberrant
replication by cancer cells).

After the 10 characteristics were identified, IARC participants devel-
oped a framework for identifving and organizing mechanistic data
around these characteristics, and published this framework in Environ-
mental Health Perspectives {Smith et al, 2018). Discussion of the 10
key characteristics only appears in the 2016 Author Instructions and
in Smith et al {2016); there is no explicit discussion of this framework
in the current version of the Preamble. The characteristics first appeared
in monographs released in 2015,

The key characteristics framework may be a useful way to initially
categorize mechanistic evidence, but it fails to describe how the quality,
external validity, and relevance of the evidence should be considered, or
how positive and negative findings should be integrated to make con-
clusions on the likelihood thar a substance has any given mechanism,
or causes cancer through that mechanism. Further, IARC fails to fully
consider that some of the 10 key characteristics are also shared by
non-carcinogenic agents in its framework (although this is acknowl-
edged by Smith et al,, 2016). This sets a problematic precedent for
agents possessing a specific characteristic, or falling into a class of simi-
lar substances. This is because, no matter how strong the epidemioclogy
and toxicity evidence suggesting otherwise, there is a possibility that
the agent will be assumed to have some carcinogenic hazard based on
mechanistic evidence alone, This will certainly not always be the case,
but there is nothing in the framework to prevent it from ocourring.

Tabie 2
IARC's 10 key characteristics of carcinogens®®.

Characteristic

1

Examples of relevant evidence

Is electrophilic or can be
metabolically activated

Parent compound or metabolite with an
electrophilic structure {e.g., epoxide, quinone,
ete.), formation of DNA and protein adducts

DNA damage {DNA strand breaks, DNA tein
cross-links, unscheduled DNA synthesis
intercalation, gene mutations, cvtogenetic
changes (e.g., chromosame aberrations,

vicronuclel)

Alters DNA repair ar causes Alterations of DNA replication or repair {e.g,.,

genomic instability ymerase L b XCISion oF

ie-strand break repair)

DNA methyliation, histone modification,
microRNA expression

Oxygen radicals, oxidative stress, oxidative
damage to macromolecides {e.g., DNA, lipids).

Elevated white blood cells, myeloperoxidase
activity, aitered cytokine and/or chemokine
production.

arnunosurveillance, iounune sys

dysfunction.

Modulates receptor-- Receptor infactivation (e.g., ER, PPAR, AhR) or

mediated effects modulation of exogenous ligands (induding

hormones).

9} Causes immortalization Inhibition of senescence, cell transformation.

10) Alters cell profiferation, cell Increased proliferation, decreased apoptosis,

death, or nutrient supply changes in growth factors, energetics and
fiways related to cefhudar
on ar cell cycle control, anglogenesis.

2) Is genotoxic

2

4) Induces epigenetic
aiterations
5) Induces oxidative stress

&) Induces chronic
inflarnrnation

77 1s impunosuppressive

8

MNates; ABR == Aryl Hydrocarbon Recep INA = Deoxyribonucleic Acid; ER = Es
1, PPAR = Peroxisorne Proliferator-activated Receptor; RNA = Ribonucleic

* Any of the 10 characteristi this table could interact with any other {e.g, oxidative
stress, DNA darnage, and chronic mmation cornbined provide stronger evidence for a
cancer mechanism than would oxidative stress alone).

b Adapted from Smith et al. (2016).

As noted by Smith et al, (2016), information organized by the 10
characteristics can be used to develop a Mode of Action (MOA) or ad-
verse outcormne pathway {AGP), but there is a substantial difference be-
tween listing potential mechanistic endpoints involved in the well-
established carcinogenicity of benzene (discussed on p 718 of Smith et
al, 2016} and the integration of this information with human and ani-
mal evidence to support a cancer classification, as presented in IARC vol-
umes 112 and 113,

Overall, IARC's current " 10 key characteristics” framework for evalu-
ating mechanistic evidence is incomplete and fails to fully and appropri-
ately integrate mechanistic evidence into carcinogen hazard
classifications. Like epidemiclogy and toxicity evidence, mechanistic ev-
idence should be assessed for guality and relevance to determine
whether it supports a biclogically plausible path to cancer, and not be
given more weight than other types of evidence if it is not of similar
quality and relevance,

3. Concerns with application of the key characteristics
3.1. Key characteristics do not always indicate ¢ cancer hazard

TARC identified its 10 key characteristics based on the processes ex-
hibited by cancerous cells. Because some of these characteristics are
cormmon to agents that do not cause cancer, the approach is akin to
case reports in epidemiology. In case reports {or case series), one
looks for similarities among cases, but there are no healthy control pop-
wlations with which to differentiate the cases from non-affected people.
While case reports may be useful for identifying areas for future re-
search, or for generating hypotheses, they cannot be used alone to as-
sess causation. Similarly, while the 10 key characteristics may be used
to organize and evaluate possible mechanisms of action for carcinogenic
agents, the existing IARC approach should not be used in isolation to
support or refute the biological plausibility of any postulated carcino-
genic mechanism,

in some cases, a substance may possess one or more key character-
istics, but not be a carcinogen {Goodson et ak, 2015). For example, the
pesticide paraquat is known to be highly toxic via oxidative stress
mechanisms (specifically, lipid peroxidation ), but it does not cause can-
cer in animals or humans, While some in vitro micronucleus assays are
positive, in its evaluation of paraquat, the Food and Agriculture Organi-
zation of the United Nations (FAD)/World Health Organization {(WHQ)
Codex Committee on Pesticide Residues noted that the positive results
were likely due solely to the high doses used in the assays. FAG/WHO
specifically noted that the “well established” oxidative stress mecha-
nisn only manifests at high doses, owing to saturation of cellular defen-
sive mechanisns, but that “it is likely there would be a threshold as,
except at high doses, reactive oxygen species are rapidly detoxified”
{FAQ/WHG, 2004). In humans, the doses necessary to cause sustained
oxidative damage would likely be of the magnitude associated with
death from poisoning. Using IARC's framework, however, paragquat
wotild be considered to have some degree of carcinogenic hazard.

Paraquat illustrates an issue with the current 1ARC approach for
assessing mechanistic data; ie, the Working Group staff may simply
identify that an agent possesses a characteristic (or several) and con-
clude based on the presence of this mechanism that there is moderate
or strong evidence of a carcinogenic mechanism.

3.2. Biological relevance

The 10 key characteristics framework does not discuss how biologi-
cally relevant specific endpoints or assays are to humans, As highlighted
by Milter et al. (20186}, it can be difficult to determine whether binlogical
perturbations represent homeostatic changes or are molecular initiating
events that may lead te cancer. This is most notable for genotoxicity,
where different assays differ in their predictive ability with regard to
cancer. JARC's genotoxicity category encompasses any characteristic
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associated with DNA damage, mutation, or both, via direct DNA damage
{e.g., DNA double strand breaks and 8-oxo-2’-deoxyguanocsine {8-
OHAG] lesions), mutagenicity {changes in the sequence of standard
base pairs of DNA) and/or clastogenicity {i.e.. damage that results in
the addition, deletion, or rearrangement of sections of a chromosome),
These characteristics differ in that some, such as DNA damage and 8-
OHAG lesions, are repairable effects that may or may not be associated
with downstream carcinogenic processes, In contrast, clastogenicity
(e.g., chromosomal aberrations) are not repairable (although not all
mutagenic or clastogenic agents are always carcinogenic). Also, there
are pumerous assays for each of these endpoints, and their precision
and applicability to humans varies considerably {see Preston and
Hoffman, 2013).

The 10 key characteristics framework also makes no mention of the
predictive ability of in vitro assays relative to in vivo studies
{(Butterworth, 2006}, There are numerous assays for each of these end-
points, and their precision and applicability and relevance to humans
varies considerably {see Preston and Hoffiman, 2013), Studies have re-
ported a high false positive rate for in vitro genotoxicity and mutagenic-
ity rests relative to rodent studies; therefore, in vitro assays should
never be used alone for assessing cancer risk {Butterworth, 2008;
Morita et al., 2008). Despite this, it does not appear that 1ARC gives
less weight to in vitro assays,

Similarly, many studies rargeting characteristics such as inflamma-
tory potential are not designed to detect sustained changes {(e.g,, con-
trolled human exposure studies of inflammatory markers in the hung
or blood), nor determine the magnitude of change at the molecular or
tissue level required to initiate a carcinogenic process {e.g., from change
in biomarkers through cancer development). This makes it difficult to
determine, using the available assays alone, whether observed effects
persist over time and are sufficient to induce later carcinogenic process-
es, This is particularly problematic when assessing relevance to human
exposure patterns, which typically vary over time {as is the case with
many environmental exposures). For example, it is unclear what the
amount of 8-0HAG, a cormmon marker of DNA damage in animals and
humans, is needed to overwhelm homeostatic repair mechanisms and
facilitate the phenotype of cancer {Pilger and Rudiger, 2006).

Overall, the JARC 10 key characteristics framework does not distin-
guish between early and later endpoints associated with cancer devel-
opment, and gives no guidance regarding which assays or endpoints
associated with a given characteristic are more reliable and more likely
associated with cancer risk, As a result, all characteristics and endpoints
appear to be given equal weight in 1ARC evaluations, regardiess of
whether they are early or late on the pathway to cancer, and without re-
gard for their relevance t0 human cancer.

3.3 Intra- and inter-individual variability

Another potential issue associated with many of the 10 key charac-
teristics is that there is some difficulty in accurately measuring biologi-
cal changes induced by an agent versus those caused by population
differences, natural fluctuations, and other non-cancer infections and
diseases,

it is well known that there is substantial inter-individual variability
in “baseline” levels of biomarkers of effect, Factors that affect these mea-
sures include genetics, lifestyle choices {e.g., smoking, diet), age, and
health history {e.g., chronic infection) {Au, 2007). For example, popula-
tion-specific genetic variation can affect baseline levels of microRNA
{nHRNA)}, proteins involved in regulation of gene expression, commonly
used in cancer biomarker studies, Rawlings-Goss et al. {2014} found
that the baseline levels (ie., measurements taken in the absence of ap-
parent disease) of several circulating miRNAs associated with suscepti-
hility to certain cancers were differently expressed in different giohal
populations { European, Asian, and African ).

in addition to differences within and across populations, fluchuations
in baseline levels of biomarkers within an individual (intra-individual

variability) may also affect interpretation of changes in various bio-
markers. Many biomarkers may fluctuate on a daily basis {e.g., 8-
OHAG); thus, short-term fluctuations in biomarkers over the course of
a study may be caused by these fluctuations, as opposed to the agent
under study.

tin addition, several of these key characteristics may be associated
with multiple disease states, both acute and chronic, including but not
limited to cancer in an individual. In other words, observed changes
may be the result of another disease state, and not indicative that cancer
is likely to occur (Pilger et al, 2001). This means that studies measuring
biomarkers could potentially attribute changes in biomarkers in an indi-
vidual or group to a cancer-causing agent when, in fact, those changes
may have been caused by another underlying condition or disease
state, For example, many disease states are associated with chronic in-
flammation and DNA darmage, such as diabetes, heart disease, and
Alzheimer's disease. Although some study designs control for some
sources of ohserved changes outside of the agent of interest, including
intra- and inter-person variability {e.g., cross-over human studies in
which the biomarker is measured before and after exposure in the
same person), unmeasured/unknown disease states could be altering
{evels of oxidative damage markers over the course of a study, potential-
by with unstable (changing) activity {Pilger et al, 2001},

As another example, the influence of infectious disease may not be
fully accounted for in mechanistic studies of inflammation in humans
{and resulting downstream effects, such as DNA methylation}; bio-
marker studies in humans typically do not collect information on
acute infections in participants during the study period (Lynch et al,
2017). Most viral or bacterial infections are capable of inducing chronic
inflammation, and in the case of acute infection, sometimes persisting
well after the infection has cleared (Hattori and Ushijima, 2016, Liet
al, 2015), As such, the ability to detect inflammation in mechanistic
studies cannot be used as evidence, in isclation, to determine the likeli-
hood of a carcinogenic mechanism from exposure to the agent of
interest.

The IARC framework offers no suggestions for how Waorking Groups
should address issues with respect to intra- and inter-individual vari-
ability in mechanistic data.

34. Study quality

Another important gap in the JARC evaluation process is the absence
of explicit guidance for evaluating study quality. Although there are
some aspects of study quality alluded to in the Preamble and Instruc-
tions to Authors, there is no explicit guidance on what methodological
strengths and limitations to consider, and how these factors impact
the interpretation of resuits in individual studies and when considering
the body of literature as a whole, Numerous agendies, including the Na-
tional Research Council, have demonstrated how quality assessmentisa
critical step in the systematic review process, and provide suggestions
for how it can be done {Lynch et al, 2016; Stephens et al, 2018),

There are few study quality assessment frameworks that are tailored
specifically for mechanistic studies (Samuel et al,, 2018), but there are
several that can be used with little adaptation to assess mechanistic
data for both methodological and reporting quality, including the
Klirnisch System and the related ToxRTool The Klimisch system
{Kiimisch et al, 1997) is based largely on the principals of Good Labora-
tory Practice (GLP) and OECD (Organization for Econoniic Develop-
ment) test guidelines, and the ToxRTool (European Comimission,
2017} is a newer, computer-based system that rvefines the general
Klimisch principles (Schoeider et al, 2009). Both systems provide a
framework to evaluate studies based on guality considerations, indlud-
ing study size {or for in vitro assays, replicates), blinding, experimental
procedure, outcome assessment methods, and an author's consider-
ation of factors that may influence the interpretation of in vitro or
other experimental assays (e.g., pH shift, impurities, test substance sol-

ubility). A Klimisch score of 1 {“reliable without restrictions”) is

L
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reserved for guideline studies {e.g., OECD} and those otherwise compa-
rable to guideline studies. A score of 2 (reliable with restrictions} is for a
non-guideline study that is of a similar quality to a guideline study,
based on the categories mentioned above. A score of 3 {“not reliable”)
is given to non-guideline studies with methods that have not been val-
idated, and studies that do not provide adequate documentation to as-
sess validity. The criteria then inform an overall reliability
classification (“refiable without restriction,” “reliable with restrictions,”
“not reliable,” or “not assignable™) {Lynch et al, 2016), Recent weight-
of-evidence reviews also provide examples of how existing frameworks
can be tailored to fit mechanistic data and accommodate chemical-spe-
cific issues {e.g., Goodman et al, 2015; Lynch et al, 2017),

In short, there are many resources IARC could apply to ensure Work-
ing Groups are adequately considering study guality. Without specific
suidance, each Working Croup may interpret the evidence differently
with regard to strengths and lmitations. As a consequence, in several
instances, evidence for a key characteristic could be mischaracterized
as stronger or weaker than it actually is,

3.5, Integrating mechanistic evidence

The final major lmitation of the current JARC framework is that it
does not specify how results within and across each characteristic cate-
gory should be integrated to determine the weight of evidence for any
carcinogenic mechanism(s). In the footnote in Table 1 of the Author In-
structions (JARC, International Agency for Research on Cancer, 2018a),
1ARC states, “Any of the 10 characteristics in this table could interact
with any other {e.g., oxidative stress, DNA damage and chronic inflam-
mation ), which when combined provides stronger evidence for a cancer
mechanism than would oxidative stress alone.” There is no discussion,
however, with regard to what exactly this means - i.e,, what the pres-
ence of only a single characteristic means, and how specifically muitiple
characteristics may interact to strengthen the evidence of a potential
carcinogenic mechaniso.

Further, there is no discussion of how the presence of one and ab-
sence of another related characteristic may cast doubt on an agent's car-
cinogenic potential. For example, if an agent is able to cause DNA
damage, but does not induce chromosomal aberrations or micronuclei,
this indicates that there is insufficient evidence to support a mechanism
of carcinogenicity. In contrast, if an agent causes chropnic inflammation
and exhibits strong evidence of other characteristics {e.g., it induces
chromosomal aberrations}, and inflammation occurs in studies that
also report downstream effects (e.g., neoplastic lesions in animals),
then chronic inflammation may be considered a key step in the MOA
of that agent. Because the IARC framework does not require consider-
ation of the characteristics in the context of one another, however,
some IARC assessments may be lacking a complete assessment of the
coherence of mechanistic evidence, IARC should follow an approach
that assesses a complete mechanistic pathway, rather than a “single
endpoint” or groups of potentially unrelated endpoints, as recormmend-
ed by others evaluating cancer biomarkers for environmental chemicals
{e.g., Goodson et al., 2015).

Whether an agent has any of the 10 key characteristics may be im-
portant when considered in the greater context of the weight of mech-
anistic evidence; however, the presence of any one characteristic in
isolation cannot be used as support for the classification of an agent as
a human carcinogen. The key characteristics framework would be
more effective if Working Group members evaluated the weight of evi-
dence within each characteristic, considering the factors outlined above,
and then assessed how the evidence for each of the characteristics
should be interpreted in the context of one another and epidemioclogy
and toxicity evidence. In other words, IARC should provide explicit guid-
ance on interpreting the mechanistic evidence with regard to biological
relevance and assay reliability, intra- and inter-individual variability,
and study quality both within and across the 10 key characteristics,
and considering other realms of evidence. This approach will encourage

TARC Working Group members to more fully evaluate the strengths and
limitations of the available literature to arrive at an overall confidence
rating for the body of mechanistic lirerature as a whole and in the con-
text of other realms of evidence,

Finally, the evaluation of mechanistic evidence should be incorpo-
rated into a larger weight-of-evidence assessment that considers the
mechanistic evidence egually and in tandem with the other realms of
evidence for the purposes of final carcinogenic hazard dassification. At
present, the IARC framework is a strength-of-evidence approach; ie,
positive, statistically significant evidence from a single study may be
considered sufficient for the basis of a causal classification (Wilthite,
2001 . The weight of the body of the mechanistic evidence should be
considered, then integrated with the other realms of evidence (human
and animal}, If this is not done, the carcinogenic classification may be
untenable,

4. Weight of evidence and human relevance

Many of the potential issues with interpretation of IARC's 10 key
characteristics, and mechanistic evidence in general, can be addressed
using a structured systematic framework across all IARC reviews,
Smith et al. {2016) stated that at the time of the 2012 1ARC review,
there was no readily available “broadly accepted” systematic method
for identifying and organizing mechanistic evidence, In fact, there
were several framewaorks for incorporating mechanistic evidence in
hazard and risk assessment available prior to 2012, most notably, the In-
ternational Program on Chemical Safety (IPCS) Mode of Action Human
Retevance {MOA/HR) framework {Table 3). The IPCS framewasrk was
developed by a large, multi-disciplinary group of scientists and was de-
rived from earlier work by US EPA (Boobis et al, 2008; Meek et al.,
2014a), It has been applied successfully to more than 30 case studies
and adopted by national and international agencies to assist in transpar-
ency and consistency in MOA assessments (Meek et al, 20143). We note
that other options have been published after 2012, including the AOP
framework (Villeneuve et al, 2014),

Details of the MOA/HR framework and subsequent updates are
available {see, for example, Boobis et al, 2008; Meek et al, 2003,
2014a, 2014b), Briefly, this framework provides guidance for evaluating
the WoE for key events of an MOA using modified Bradford Hill consid-
erations {Hill, 1965} and analyzing concordance of the key events with-
in and among species (Meek et al, 20144, 2014b). First, the hazard
assessor is charged with establishing whether a plausible MOA exists
in animals, After compiling studies and determining the postulated
key events in the MOA, the assessor then considers the presence of
dose-response  relationships;, temporal associations: strength.

Table 3
IPCS MOA/HR framework.
Adapted from Meek ot al. (2003).

1) Is the weight of evidence sufficient to establish the MOA in animals?

} Postulated MOA

} ldentification of key evernts
¢} Animal

)

)

| evidence
Application of US EPA/IPCS animal MOA guidance
Are key events in the animal MOA plausible in bumans?

ordance analysis of hurnan and animal responses {qualitative and quan-
ve)
roent of confidence

king into account kinetic and dynamic factors, is the MOA plausible in
humans?

a) Concordance analysis of human and animal responses
b) Statement of confidence
4} Statement of confidence; analysis; implications for risk assessment

Notes: HR = Human Relevance; IPCS = International Prograrmme on Chemical Safety;
MOA = Mode of Action; US EPA = United States Environmental Profection Agency.
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consistency, and specificity; biological plausibility; alternative MOAs
that may be applicable; and any uncertainties, inconsistencies, and
data gaps in the mechanistic literature. If the weight of evidence sug-
gests a MOA operates in animals, the assessor must then consider
whether the MOA evidence is in concordance with the larger body of ev-
idence. For example, the reviewer is asked to consider questions such as,
“Are the key events observed at doses below or similar to those associ-
ated with the end (adverse) effect?,” and “Is the pattern of observations
across species/strains/organs/test systems what would be expected
based on the hypothesized MOA?” If the WOE for the hypothesized
MOA is sufficient and relevant to humans, implications for dose-re-
sponse in humans are then considered with regard to pharmacokinetic
and pharmacodynamic data.

The MOA/HR framework facilitates a thorough analysis of mechanis-
tic evidence within a larger weight-of-evidence assessment o deter-
mine whether any observed MOA{s) plausibly operate in humans at
relevant exposure levels. Updates to the MOA/HR framework have fo-
cused on the importance of an iterative approach and the application
of the framework to substances with less measured data available
{(Meck et al, 2014a); as such, the framework continues to evolve to ac-
commodate new developments in the field. The IARC 10 key character-
istics framework is not as systematic, clear, and thorough as the MOA/
HR framework, While individual Working Group staff may follow their
own process that mirrors the MOA/HR framework, 1o ensure a consis-
tent, unbiased review, the 1ARC Preamble and Author Instructions
should maintain that all Working Group staff across all monographs fol-
low the same, systematic process for evaluating mechanistic evidence,
TARC could easily adapt the MOA/HR framework or something similar
to aid in a unified approach across Working Groups,

5. Case study: diazinon

in 2016, IARC released a monograph that included an assessment of
diazinon, an organophosphate insecticide used to control insects, nem-
atodes, and mites (JARC, International Agency for Research on Cancer,
2016Bb). Diazinon was allowed for residential use until 2004, but current
production and use is limited, even in agriculture. In its evaluation, the
Working Group determined that while the animal and human data
were limited, the strong evidence that diazinon can operate through
two key characteristics of carcinogens {genotoxicity and oxidative
stress) provided support for the classification that diazinon is probably
carcinogenic to humans (Group 24) (JARC, Interpational Agency for
Research on Cancer, 2015¢, 2018h).

Diazinon was evaluated in the first monograph to organize mecha-
nistic evidence by the 10 key characteristics. The Working Group con-
cluded that the overall body of evidence suggested that diazinon may
be genotoxic because it consistently caused DNA damage in animals in
vivo and human cells in vitro {e.g., DNA strand breaks, increased sister
chromatid exchange), and micronuclei formation, but the results of
clastogenicity assays were mixed {specifically, the chromosomal aber-
ration tests). The Working Group concluded that other characteristics
have been less well studied and in some cases, have shown mixed re-
sults. Notably, human cell in vitro assays show virtually no effects on
cell viability or proliferation; in some experiments, diazinon caused a
decrease in cell growth at increasing doses. Similarly, findings from in
vivo and in vitro animal assays of proliferation are limited and mixed, al-
though they include some evidence of increased profiferation in differ-
ent cell Hnes (e.g, rat pituitary tumor cells, neuronal and mixed
cortical celis),

The diazinon monograph also discusses an analysis in which Work-
ing Group members mapped endpoints in the ToxCast/Tox21 database
to the key characteristics, then determined if diazinon was “active” or
“inactive” for each of the selected assay endpoints using ToxPi software,
This software assigned the potential for diazinon to be associated with
each key characteristic relative to 178 other chemicals that have been
previousty evaluated by the IARC monographs and screepned by ToxCast,

IARC reported that there were several "active” endpoints, including for
characteristic 1 {is electrophilic); CYP inhibition, aromatase inhibition;
characteristic 2 {is genotoxic): two endpoints of TP53 activity; and char-
acteristic 8 (modulates receptor-mediated effects): 16 endpoints, in-
cluding estrogen receptor alpha and beta, AhR; and three cytotoxicity
endpoints. Diazinon was considered inactive for chronic inflammation
and epigenetic modifications and had "negligible activity” for oxidative
stress. ToxPi scores for diazinon were generally well below (generally
2-22 times lower) those of the highest-ranked chemicals in the data-
base for each of the characteristic (and ranked toward the low end of
the graphs with regard to activity for each endpoint}. One must also
consider the uncertainties associated with these high-throughput
tests; recent analyses of ToxCast suggest that the program's results
may not align with in vivo evidence of carcinogenic activity. For exam-
ple, Cox et al. {2018) found that ToxCast was unable to accurately pre-
dict carcinogenic hazard in animal bicassays for most of the 292 non-
genotoxic chemicals the authors assessed.

The diazinon monograph gives no indication of whether it captured
the entire body of relevant mechanistic literature (including all aspects
of relevant studies), or whether there was any consideration of study
quality. The results of assays of genetic and "related effects” are summa-
rized in the monograph's Tables 4.1 through 4.5, including a column
with “comments”; however, the Working Group did not indicate
which studies followed recognized guidelines (ie, GLP, GECD), or pro-
vide any information about assay methods. It provides notations in the
tables in cases where studies with positive results were of "limited qgual-
ity”"; however, nowhere in the monograph is there a discussion of how
the Working Group determined overall quality, nor how guality may
have factored into the interpretation of the mechanistic evidence, Fur-
ther, there is no indication that the Werking Group applied Bradford
Hill considerations (or soimething similar) when assessing the body of
mechanistic evidence, e.g., an assessment of dose-response relation-
ships; temiporal associations; strength, consistency, and specificity; bio-
logical plausibility; alternative mechanisms that may be applicable; and
any uncertainties, inconsistencies, and data gaps. The monograph also
did not discuss how null findings in certain mechanistic assays impacted
the interpretation of positive findings in other assays. There was also no
discussion on how mechanistic evidence was integrated with the other
available evidence, i.e., how the {albeit limited) human and toxicity ev-
idence impacted the interpretation of mechanistic evidence and vice
versa, Regarding the ToxCast/Tox21 mapping, the monograph offers
no explanation of how fo interpret the output. It appears that the Work-
ing Group is insinuating by being “active” for a particular characteristic,
or one of a class of chemicals with similar characteristics, this consti-
tutes evidence for a plausible mechanism, and that mechanistic evi-
dence can be considered strong or moderate based on a single “active”
endpoint, and then used to upgrade a causal classification. As discussed
in detail throughout this paper, merely falling into a class does not con-
stitute evidence for causation; a much deeper analysis is needed,

it appears the Working Group's conclusion that diazinon is “proba-
bly carcinogenic to humans” is based heavily on the mechanistic evi-
dence. While the database of available diazinon literature related to
the 10 key characteristics is large, the Working Group did not fully con-
sider factors that affect the interpretation of mechanistic endpoints, in-
cluding biclogical relevance, variability, study quality. and human
relevance. Applying the MOA/HR framework {described above) or
something similar would have allowed for a more comprehensive eval-
uation of the mechanistic evidence to determine whether it is sufficient
to support a specific hazard classification without sufficient epideimniol-
ogy and animal evidence,

§. Conclusion
TARC's fist of 10 key characteristics may help one identify and orga-

nize mechanistic evidence for evaluation. However, these characteris-
tics are currently being used like a checllist, ie, IARC guidance
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suggests that simnply having one or more characteristic is considered ev-
idence of a carcinogenic mechanism, The framework does not provide a
standardized approach for all Working Groups to determine how reli-
able and/or predictive specific endpoints are of cancer risk. In addition.
there is no discussion of how to deal with inter- and intra-individual
variability in biomarkers or how this may affect interpretation of the
study results. Moreover, study quality and human relevance are not
given sufficient consideration, and there is no indication of how the
mechanistic data should be integrated in the assessment. The current
IARC Preambile also suggests that mechanistic evidence should be used
to up- or down-grade a casual classification based on human and animal
evidence; as a result, it appears to be given an inappropriate weight rel-
ative to human and animal evidence. As illustrated with the case study
of diazinon, the presence of one or more characteristics may resultina
classification {e.g.. probably carcinogenic) even in the absence of strong
animal and/or human evidence,

Rather than focus on whether agents possess characteristics that are
not necessarily specific to carcinogens, or fall into a certain class of
chemicals, IARC should provide clear, explicit guidance for how to con-
sider the totality of the mechanistic evidence, including study strengths
and limitations, and how they impact the interpretation of resuits. This
can be done by adapting available frameworks that address the issues of
study guality and human relevance, Adopting a systematic approach for
evaluating and integrating mechanistic evidence with the other realms
of evidence will allow for hazard classifications that are scientifically de-
fensible and appropriate for regulatory decision-making,
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